The Seebeck coefficient of a cell with lead electrodes and electrolyte of molten lead chloride and alkali chloride is investigated experimentally and theoretically for mole fractions of PbCl 2 between 1 and 0.3 in alkali chlorides. An equation is derived from irreversible thermodynamics linking the transported entropy of lead ion to the chemical potential of the polarized lead at the surface. The path across the cell is taken to be adiabatic in this derivation. Experimental results indicate that the transported entropy of lead ions depends on the radius of the alkali ion. Thermoelectric cells have been studied over the last five decades. [1] [2] [3] [4] [5] [6] Results from these studies have enabled modelers to take into account knowledge about Peltier heats and transported entropies in modeling of batteries, fuel cells, and electrolysis cells.
Thermoelectric cells have been studied over the last five decades. [1] [2] [3] [4] [5] [6] Results from these studies have enabled modelers to take into account knowledge about Peltier heats and transported entropies in modeling of batteries, fuel cells, and electrolysis cells. 7 The transported entropy of an ion is large, and thus, significant for the Peltier heat of the electrode. The transported entropy of electrons in metals has been reasonably well explained by the variation of the mean free path of electrons and the Fermi surface with the electron energy ͑see e.g., Zinoviev, Ref. 5͒ . In spite of many experimental results, there is as yet no good model for the transported entropy of ions in electrolytes, however.
We have shown how the classical theory of irreversible thermodynamics can be extended to surfaces, 8 and have given the entropy production rate for coupled transports of heat, mass, and charge in heterogeneous systems. 7 In this work, we study a particular thermoelectric cell, and derive for an adiabatic path a relation between the Gibbs energy of the reaction at the electrode surface and the transported entropy of the metal ion. This relation may be useful for modeling of adiabatic cells. It also adds to our understanding of transported entropies. Batteries, fuel cells, and industrial electrolysis cells operate frequently under adiabatic conditions.
The cell under study ͑cell a, below͒ has metal electrodes of liquid lead, and an electrolyte of two molten salts
Mo͑s͉͒Pb͑1͉͒PbCl 2 , MCl͑x MCl ͉͒Pb͑1͉͒Mo͑s͒
The system is chosen because of the relatively high polarizability of lead, and a pronounced effect of the alkali ion on the liquid surface tension. 9 Surface effects are therefore likely. In a two-component molten salt mixture, a range of compositions can be investigated. The Pb͉PbCl 2 -MCl system is the most suitable one for theory demonstration. It is widely used in molten salt electrochemistry and also as a reference electrode because of its stability and reproducibility. Pb dissolves in PbCl 2 giving subvalent Pb ϩ , but the metal solubility is very low ͑0.02% molarity at 600°C͒. The metal solubility is reduced when MCl is added to pure PbCl 2 . The materials chosen are inert with respect to the container material ͑quartz͒, so currentless transfer of metal from electrode to the container walls is zero ͑this occurs in other systems with polyvalent ions͒. 10 The lead liquid pools are connected to the potentiometer at T o via molybdenum wires. The complete system has thus five bulk phases denoted by 1, a, e, c, and r, counted from the left to the right, respectively. Phases 1 and r are the molybdenum bulk phases, phases a and c are the electrode bulk phases, and phase e is the electrolyte bulk phase. The phases between the bulk phases are twodimensional Gibbs interfaces ͑or surfaces͒. These phases are the two surfaces between the molybdenum and the lead metals and the two electrode surfaces between the bulk electrode and bulk electrolyte. The surfaces may, in principle, have ͑four͒ different temperatures. A chemical potential gradient develops due to the temperature gradient across the electrolyte ͑typically in a few hours͒, and we examine the stationary state when the gradient is being balanced by the thermal force. The currentless potential of the system is used to derive the transported entropies in the system. The aim of the work is to use these quantities in a more general discussion of the electric potential profile of the cell.
The concentration distribution is time independent in the stationary state. One advantage with the present system is also that the stationary state can be achieved in a relatively short time, 11, 12 that is, 2-3 h. The moles of PbCl 2 transferred across the cell per faraday passing in the outer circuit is therefore zero, J PbCl 2 ϭ 0. It also follows, that the flux of MCl is zero. Lead ions formed at the left electrode, carry the net charge across the electrolyte, and react to form metal at the right hand side electrode. The overall chemical reaction of cell a is
The corresponding reaction Gibbs energy is
where Pb is the chemical potential of lead in the bulk electrode phases c and a, respectively. The isothermal cell potential is zero, because Eq. 2 gives
and the enthalpy, H Pb , and entropy, S Pb , are the same. When a temperature difference is maintained across the system, the cell potential is 13 ⌬ ϭ 1
where S Pb 2ϩ * and S e Ϫ ,Mo * are the transported entropies of lead ion in the electrolyte, and of electrons in bulk molybdenum, respectively.
In order to have an equation that relates properties of lead only, one can subtract the thermoelectric potential of cell b ͑below͒
Mo͑s͉͒Pb͑1͉͒Mo͑s͒
The derivation of the thermoelectric potential of a cell from the first law of thermodynamics is well established, see e.g., Ref. 2 or 13. In the section on Cell potential from the first law, we use the common method to find the total thermoelectric potential of cells a and b. Transported entropies can be found from the thermoelectric potential. We proceed to show how the transported entropies and entropy of lead can be used to describe the local electric potential profile across a partially thermostated cell and across an adiabatic cell. By a thermostated cell, we mean that parts of the cell are thermostated at different temperatures. The abiabatic cell is taken to be insulated from the surroundings, except at its end points. The reversible limit of the entropy production rate is used to find the local potential profiles. The formulas are specified for the adiabatic case. We show that the transported entropy can be related to the processes that take place at the electrode surface in the adiabatic cell. Experimental results are presented and discussed on the theoretical background in the Results section. The cell is studied experimentally under such conditions that there is no ͑or negligible͒ change in its internal energy.
Cell Potential from the First Law
Consider a partially thermostated cell with a negligibly small electric current. All materials as well as the electrode surface on one side in the cell are kept at constant temperature, but the temperature is different between the two sides. There are no internal energy changes in the cell. The heat added to the cell from the surroundings is therefore completely and reversibly converted into an electric potential difference. In cell a, the interface Mo͑s͉͒Pb͑1͒ on the left side receives the Peltier heat s,1 ϭ T 
͑compare Eq. 4͒. The corresponding expression for cell b is
The Seebeck coefficients for cells a and b are, respectively
Their difference is
The interfaces between Mo and Pb do not move as current is passing in the cell, while the electrode surfaces are moving with the same constant velocity with respect to the wall. In a frame of reference that is moving along with the electrode surfaces, lead will move into the anode electrode surface and away from the cathode electrode surface.
Potential Profile in the Reversible Limit
We derive an expression for the electric potential profile across the cell, from the reversible limit of the entropy production in each part of the cell. The expressions are used to describe the experiments that are done, but also are used to discuss thermostated and adiabatic systems with nonzero electric current. The electric potential profile arises from variations in temperature and chemical potentials across the cell. The system is assumed to be stationary so that there are no net fluxes of PbCl 2 and MCl in the electrolyte. We consider the situation in the bulk phases, and examine the processes at the electrode surfaces, before we combine the results. The terminology follows de Groot and Mazur. 14 The frame of reference for the fluxes is always an interface, whether this is moving or nonmoving. The entropy production rate does not depend on the frame of reference.
Contributions from the bulk phases.-The entropy production rate in all bulk phases is given by
where is the entropy production rate, J q Ј is the heat flux along the conductor, T is the temperature, and j the current density. There are transports of heat and charge in the molybdenum phases relative to the molybdenum/lead interfaces. In the bulk lead phases, there is a flow of Pb on the left side, from the electrode bulk phase into the electrode surface. On the right side, the flow is away from the electrode surface into the electrode bulk phase. Both flows occur at constant Pb,T , and are, therefore, nondissipative in the electrode bulk lead phases. Therefore, there is no additional term in the entropy production rate in these phases. In the stationary state electrolyte, we have chosen conditions so that both J MCl and J PbCl 2 are zero; the entropy production rate in the electrolyte has also the same form as Eq. 13. The potential gradient for j ϭ 0, is obtained from the reversible limit of . We divide by j and take the limit when j goes to zero. For all bulk phases, the ratio / j approaches zero in this limit, so that
The potential change across a bulk phase is obtained by integrating this equation, when the bulk Peltier coefficient, , is known. This bulk coefficient is defined by
The bulk Peltier coefficients of the respective phases are
The coefficients, when given in terms of transported entropies, express that heat is transported reversibly with the charge carriers. By introducing the bulk Peltier coefficients into Eq. 14 and integrating with constant transported entropies, we obtain the following potential changes across the bulk phases, counting from the left side of the cell to the right side
The terminal temperatures are both T o . The temperatures at the Mo ͑s͒ ͉Pb ͑1͒ interface are, on the left and right sides, T l,a and T a,l , respectively. For the left electrode surface, they are T a,e and T e,a , for right electrode surface, the temperature of the electrolyte is T e,c , while it is T c,e on the metal side of the electrode surface. At the contact Pb ͑1͒ ͉ Mo ͑s͒, the temperatures are T c,r and T r,c . The first superscript specifies the phase and the second specifies a location in that phase.
Contributions from the surfaces.-The entropy production rate of the two electrode surfaces is, using the anode electrode surface as example
a,e is the heat flux in the bulk anode phase into the electrode surface, and J q Ј e,a is the bulk heat flux out of the electrode surface into the electrolyte. The frame of reference for the fluxes is the moving electrode surface. Furthermore, ⌬ a,s (1/T) ϭ 1/T s,a Ϫ 1/T a,s , and ⌬ s,e (1/T) ϭ 1/T e,a Ϫ 1/T s,a . The potential drop across the electrode surface is ⌬ a,e ϭ e,a Ϫ a,e , and ⌬ r G s,a is the Gibbs reaction energy at the electrode surface. Again, there are no contributions from the salt fluxes. The reaction that occurs at the interface between metal and electrolyte has a rate proportional to the electric current density, (r s,a ϭ j/F). A similar expression for the cathode electrode surface can be written down. The electrode surface potential drops are, from the reversible limit of the entropy production rate The thermostated cell.-The derivation above gave the origin of the thermoelectric potential. The potential profile across the cell at zero current is obtained by integrating across the bulk phases, using Eq. 14, and adding Eq. 19 for the electrode surfaces. Assume first that the electrode regions are thermostated. When the electrode surface temperatures are equal to the adjacent bulk temperatures, the terms on the right side of Eq. 19 are zero. The only contributions to the electrode surface potential drops are the reaction Gibbs energies
With T a,e ϭ T a,l ϭ T a and T c,e ϭ T c,r ϭ T c , the electric field in the bulk lead phases disappears
The total potential is obtained by summing parts
This reproduces the value found from the first law analysis. 6 The potential profile through the cell is given from the entropy production rate in each part of the cell. This profile is a linear function of the temperature in the molybdenum phases and in the elec-trolyte. It is flat in the thermostated lead pools, and jumps at the electrode surfaces. Terms due to electric resistances may be added.
The adiabatic cell.-Industrial operation of electrochemical cells may mean that there is no heat supply from the surroundings. Heat is then taken from or delivered to the system itself. One source of heat is the Joule heat. Chemical reactions may lead to heat sinks. Knowledge about the local cell potential profile under operation may help explain the processes that take place. In the search for the potential profile of an adiabatic path, consider, therefore, a cell with ends points that are connected to the outside, and that otherwise operates under adiabatic conditions. The description is onedimensional, that is, all fluxes and forces are directed along the x axis. The end points of the system can be controlled, but there is no exchange of heat with the surroundings along the path. The temperature profile across the cell will be determined by local heat sources and sinks, and by thermal conductivities along the cell and in the connectors. The temperture at the terminals ͑at the potentiometer͒ is constant, and we measure again the currentless potential ͑e.g., j → 0͒. The end points of the system are maintained at temperatures T s,l and T s,r , respectively. Otherwise, the system adjusts itself to the boundary conditions. The energy conservation equation is obeyed at both electrode surfaces
͓26͔
The flow of Pb into both electrode surfaces is constant and proportional to the electric current density. Consider first the left side electrode surface, where J Pb ϭ j/2F. Rearrangement of the conservation equation gives
The bulk heat fluxes contain, according to the flux equations for the electrode surface, two major terms. Each heat flux has one term describing Fourier-type heat conduction with thermal conductivity i of bulk phase i, and one term that contains the bulk Peltier coefficient. Possible coupling to the heat flux on the other side of the electrode surface is then neglected. We introduce these heat flux equations, and the general expression Eq. 19 for the currentless potential, ⌬ a,e , and obtain
͓28͔
The equation has two classes of terms: One that changes sign with the direction of j and another that does not depend on the current density, namely, the Fourier-type terms. ͑Second order terms in j can be neglected in the limit of small j.͒ The first class describe phenomena that are reversible, while the last class of terms describe timedependent or irreversible processes. The phenomena can be regarded as superimposed on one another, making it possible to separate between reversible and irreversible phenomena for small times. This gives for the irreversible processes at the left electrode surface 
͓32͔
For the two molybdenum-lead interfaces, there is no jump possible in the potential or temperature, since ⌬G s ϭ 0, and
ϭ T a,1 . We can compare these expressions for electrode surface potential drops to Eq. 9. The sign of the entropy of lead has changed compared to the sign given in Eq. 9. This reflects that heat is now taken from the system itself, not from the surroundings. The relation ͓Eq. 30͔ explains properties of the electrode surfaces. The reaction Gibbs energy in Eq. 30 can be found from thermodynamic properties of the reactant, transported entropies, and surface temperature. The reaction Gibbs energy is probably nonzero in both electrode surfaces. When the temperature is the same at the two electrodes, the combination of ⌬G s,a and ⌬G s,c is zero, however. With constant enthalpy and entropies, the potential difference due to the combination is
This combination is equal in magnitude, but opposite in sign to all of the thermoelectric potential of the partially thermostatted cell. This is likely, since the same magnitude electric potential must be generated ͑for a small time͒, but now at the cost of internal energy. The total currentless potential is
All bulk phases, as well as the two electrode surfaces contribute to this potential difference. There is no contribution from the transported entropy of lead ion when the electrolyte and electrode surfaces are insulated from the surroundings. 
The chemical potential of the dipole obtains a value decided by the electrode surface temperature, the entropy of lead and the transported entropies of the charge carriers. Exactly the same expression is found for Pbp s,c /T s,c . The expressions that were derived in the case of j ϭ 0, can be used for experimental determination of surface variables. These variables can further be used to examine cases with j 0.
Experimental
Experiments were performed with the partially thermostated cell. The alkali chloride was LiCl, NaCl, KCl, RbCl, and CsCl, respectively. The mole fraction of PbCl 2 varied from 0.9 to 0.19. The measurement procedure followed that reported earlier for the similar type experiments. [15] [16] [17] Procedure.-Salt compositions were prepared using quite standard procedures in molten salt chemistry. 10 Care was taken to avoid moisture, as this will lead to unstable potential measurements. In order to minimize the moisture content, hygroscopic salts ͑LiCl and CsCl͒ were dried in a furnace under vacuum for at least 12 h at temperatures below 100°C. The temperature was then slowly increased to dry salts at 300-400°C under vacuum for 6-8 h. The temperature was next increased up to the melting point. The melt was treated for about 1 h under vacuum. The furnace was then filled by argon and slowly cooled ͑0.2°per min for salt recrystallization͒. Nonhydroscopic salts PbCl 2 , NaCl, KCl, and RbCl were preliminarily dried in a drying oven under air at 80-120°C for one to two days. Further moisture was removed during heating and heat-treatment at 300-400°C ͑usually for 6-8 h͒ under vacuum. Each salt was then melted under argon and recrystallized during cooling with the rate of about 0.2°per min. Recrystallized salts were kept in an exicator under dry atmosphere. Only transparent crystals were taken for composition preparation.
Lead was cleaned from the oxide film by premelting. Lead pieces and salt mixture components were put into a quartz retort which was heated under vacuum, treated at 300°C for 1-2 h, and melted under argon. Argon was passed through the melt to achieve good mixing.
The cell was put together with the electrodes at different heights in the furnace. A temperature difference was established between the electrodes. The upper half cell was heated to avoid convection in the melt. Initial recordings of the cell potential, observed 5-6 h after melting and mixing, were discarded. A stabilized value was then recorded for about 1 h. After a stationary recording was obtained, reversibility of the measured potential was checked by changing the temperature up or down in small steps ͑0.5-1°͒ as well as by bigger steps ͑3-5°͒. The new stationary state was obtained after 2-3 h, in accordance with common experience on similar systems. 11, 12 It was allowed to stabilize for 1 h before new changes were done. The potential and temperature were recorded continuously with an HP 3457A multimeter. An experiment on one salt composition lasted at least 3 days, with several checks for reversibility and repeatability. The value was reproducible from experiment to experiment within the uncertainty given below.
The lower part of the cell was in most experiments kept at 798 K, while the upper part was heated to 10 K above this temperature. The electric potential had a linear dependence on the temperature of the hot electrode. A typical experimental plot is shown in Fig. 1 . Some experiments were done with a higher reference temperature, to maintain the electrolyte in the liquid state ͑see Table I͒ .
Results
Experimental results are reported in Table I and Fig. 2 . The Seebeck coefficient for Mo͑s͒ ͉Pb͑1͉͒Mo͑s͒ is S,2 ϭ 20.6 V/K at 798 K, 21.8 V/K at 903 K, and 22.6 V/K at 1031 K, 5, 18 and the entropy of lead was 100.99 J/K mol at 798 K, 104.7 J/K mol at 903 K, and 108.57 J/K mol at 1031 K. These values were used to calculate S Pb 2ϩ * from the experimental Seebeck coefficient, S,1 . The relative error in the Seebeck coefficient was 0.3%, giving an error in the transported entropy of lead equal to 0.3 Ϯ J mol Ϫ1 K Ϫ1 .
Discussion
The main experimental finding is that the transported entropy of lead at 798 K varies relatively little ͑see Table I͒ as the mole fraction of lead chloride changed from a low value ͑0.3-0.5͒ to unity, and as the other cation, M ϩ , changed. Values between 101 and 107 J/K mol were observed. This overall picture seems to be a general one. The ion that is reversible to the electrode, has a relatively constant entropy of transport in aqueous solutions, 19 in solid state ionic conductors, 15, 20 as well as in molten salts. 3, 4, 6 The balance of forces at the adiabatic electrode surface, that leads to Eq. 38, relates the transported entropy of lead ions to the entropy of lead, the transported entropy of electrons and the chemical potential of the lead-ion-electron dipole in the electrode surface. The first two of these terms are constant. The chemical potential of the dipole at the electrode surface is particular for the surface and need not vary much with the composition in the bulk phase of an adiabatic cell. This may explain, in an indirect way, why a large and relatively constant value is found for the transported entropy. Evidence for the surface as the determining factor for the transported entropy was also given by Grimstvedt and co-workers. 6 They studied silver electrodes and electrolytes of solid solutions of silver sulphates. The transported entropy of silver did not depend on the electrolyte composition, and was also unaffected by a phase transition in the electrolyte from a hexagonal to cubic face-centered structure.
The transported entropy shows a small variation with mole fraction of PbCl 2 in the mixture, but the variation is not systematic, see Fig. 3 . The variation is not a random one, however, given the experimental uncertainty. Similar, nonsystematic variations, have also been observed for nitrates. 3, 4 The compositions that give the minimum in the curves in Fig. 3 correspond to compounds like MCl•2PbCl 2 . There is no indication of such solid compounds in the phase diagrams. Negative excess Gibbs energies for the mixtures indicate that complexes are likely in the liquid state at this composition. There is typically a reorganization of bonds between divalent cations and chloride ions that begins as soon as MCl is added to the mixture, and ends when the complex is formed that has the highest coordination number of chloride ions. 10 A reorganization similar to this may also take place at the surface, however. 9 At the surface, energy changes may be different from in the bulk, leading to special effects. We conclude that the small variation that is seen in S Pb 2ϩ * for a given salt MCl ͑between 4 and 16 J/K mol͒, is related to structural changes in the melt and/or at the surface. The variation is not a typical bulk configurational contribution of the type R ln x Pb 2ϩ.
The dipole chemical potential, as defined in this paper, must reflect the polarizability of the electrode, or the polarizing power of the components that are present at the electrode surface. It is likely that M ϩ is present at the electrode surface, and therefore that it influences the dipole energy to some extent. The transported entropy of lead ion was therefore plotted for a selected set of compositions (0.54 Ͻ x PbCl 2 Ͻ 0.9), vs. the inverse ionic radius of M ϩ . The results are shown in Fig. 4 . It is seen that the nature of M ϩ is more important than the composition of the melt for the observed variation. The electrode surface tension of lead metal 9 in contact with salt melts of MCl increases systematically with the inverse radius of M ϩ , so the electrode surface activity of MCl increases from Li ϩ to Cs ϩ . This has a bearing on the state of the electrode surface and therefore on Pbp . A mixture concentration effect is, however, probable as described above, and may account for the scatter of the data in Fig. 4 . These variations deserve further investigation.
This discussion has pointed to the electrode surface reactions as a possible origin of transported entropies. No quantitative model for the transported entropy of the ion can be proposed, however. A model exists for metals. 5 Metals can have positive or negative transported entropies, and the temperature dependence of the transported entropy can be rather complex. The sign and temperature dependence has been modeled, at least qualitatively, from the derivative of the conductivity with respect to the Fermi energy at the Fermi surface. The electrode connector used here, Mo, has a large and positive transported entropy at 798 K ͑20 J/K mol͒ using lead as a reference. At higher or lower temperatures, the value becomes smaller. The model for metals cannot be applied to salts. Knowledge of the thermodynamic state of the electrode surface may help the analysis further. Even if there are unresolved questions relating to the nature of the transported entropy, the results of the present investigation may be useful for electrochemical cell modeling. The expression for the reaction Gibbs energy, Eq. 30, offers a possibility for calculation of currentless electrode surface potential drops in adiabatic cells, once the transported entropies and appropriate thermodynamic variables are known. This may be an important aspect of the theoretical part of this work. Transported entropies have so far been used to characterize Peltier coefficients, and predict cooling or heating powers of Peltier elements. A prediction of the electrode surface potential drop in adiabatic cells, from equations like the ones given above, may also prove to be valuable. The expression derived for the reaction Gibbs energy is not a general relationship, however. It results from a balance of forces under special ͑adiabatic͒ boundary conditions. A nonzero electric current will alter the equations, but also the state of a polarizable electrode.
Conclusions
We have presented a systematic theoretical framework that links the transported entropy of the reacting ion of an electrode to the chemical potential of the polarized metal atom at the electrode surface. The relation expresses conditions under adiabatic transformation of energy. We presented data for a thermoelectric cell with lead electrodes and lead salt mixed with alkali salt in the electrolyte to illustrate the theory, and pointed at unresolved issues for the transported entropy. The results may prove important for descriptions of adiabatic electrochemical cells under nonzero electric current conditions.
